Upon their initial discovery, hydrothermal vents and methane seeps were considered to be related but distinct ecosystems, with different distributions, geomorphology, temperatures, geochemical properties and mostly different species. However, subsequently discovered vents and seep systems have blurred this distinction. Here, we report on a composite, hydrothermal seep ecosystem at a subducting seamount on the convergent Costa Rica margin that represents an intermediate between vent and seep ecosystems. Diffuse flow of shimmering, warm fluids with high methane concentrations supports a mixture of microbes, animal species, assemblages and trophic pathways with vent and seep affinities. Their coexistence reinforces the continuity of reducing environments and exemplifies a setting conducive to interactive evolution of vent and seep biota.
INTRODUCTION
Since discovery of the first deep-sea hydrothermal vent over three decades ago [1] , scientists have worked to understand how these chemosynthesis-based ecosystems are formed and function. The discovery of methanefuelled, cold seep ecosystems in the 1980s led to an early belief that there are at least two types of deep-sea chemosynthetic environment fuelled by reduced compounds from the Earth's interior [2] . Hydrothermal vent and methane seep ecosystems were initially found in geographically separate and tectonically distinct portions of the deep sea [3] , but are now known to occur in close proximity in some areas such as the Japan Sea and Guaymas Basin [4] [5] [6] . Vents and seeps share many major taxa, notably siboglinid tubeworms, vesicomyid clams, bathymodiolin mussels, provannid gastropods, alvinocarid shrimp, galatheid and Kiwa crabs. However, they typically share no more than 20 per cent of their species, even when vent and seep sites are in geographical proximity [4, 5] . A subset of modern species appears to be successful at both methane-rich cold seeps and at sedimented hot vents including the siboglinid tubeworms Lamellibrachia barhami and Escarpia spicata, Paraescarpia echinospica, the vesicomyid clams Archivesica gigas, Phreagena okutanii and Calyptogena solidissima and the bathymodiolin mussels Bathymodiolus japonicus and Bathymodiolus platifrons [4, [6] [7] [8] , suggesting that environment along with water depth, rather than geological setting, dictates species composition [4, 9, 10] . Once large foundation species such as those mentioned above are present, associated species follow to create characteristic assemblages [11] .
Key abiotic features characterizing vent ecosystems include the occurrence of elevated temperature, the presence of heavy metals and sulphides in fluid emissions and sulphide, basalt, iron oxide or serpentenite carbonate substrates. Seep sediments typically have higher methane and sulphide concentrations and seep carbonates are precipitated by anaerobic methane oxidation [3] . Microbial and metazoan composition distinctions and different metabolic, C fixation and trophic pathways are also recognized (See electronic supplemental material, table S1), yet both vent and seep fluids may contain methane [3] , elevated temperatures [12] and similar geochemistry [9] . Vents and seeps exhibit a continuum of abiotic and biotic characteristics, however, biological observations along this continuum are often restricted to the large, symbiont-bearing megafauna.
Below, we report on a reducing system that we refer to as a hydrothermal seep, which represents an intermediate setting in the continuum described above. We present observations made during exploratory dives near the base of Jaco Scar, formed from a subducting seamount on the convergent Costa Rica margin. This region hosts over 40 cold seeps with diverse morphologies [13] , but hydrothermal activity has not been reported previously. Here, we use geochemical observations and subsequent analyses of microbes, macro-and megafaunal biota at this site to conduct in-depth exploration of the co-occurrence of hot vent and cold seep organisms from the perspective of ecological assemblage, phylogenetic affinities and trophic structure. We place these observations in a broader context by drawing comparisons with other vent and seep systems exhibiting end-member or intermediate attributes, and predict where similar intermediate habitats are likely to occur. Water over Jaco Scar and Jaco Summit was sampled with a SBE9þ CTD and rosette, with 2-L Niskin bottles mounted on the submersible, and with a Major Pair titanium water sampler. Methane in water was analysed according to Ussler & Paull [14] ; chloride and sulphate were analysed according to Ussler & Paull [15] in pore water samples obtained from push core sediment (15 cm in length divided into 3 cm sections) using a Reeburgh-style pore water squeezer. Faunal density calculations were made from 49 still photographs taken from Alvin with an externally mounted Insite Scorpio digital camera with 10 cm laser scale. Areal cover estimates for the vestimentiferan meadows were made from video frame grabs using x -y coordinates. Animal tissues for stable isotope analyses (d 13 C, d 15 N) were sorted, processed and analysed according to methods in Levin & Mendoza [16] . For phylogenetic affinity, animal tissues were extracted and the mitochondrial gene Cytochrome oxidase subunit 1 was amplified according to Folmer et al. [17] . Purification of bacterial DNA from mussel gill tissue was based on Goffredi et al. [18] . An approximately 1500 bp fragment of 16S rRNA gene was generated by bacteria-specific 16S rRNA primers [19] . PCR products were sequenced directly, compared with those available from GenBank via Blastn and parsimony analyses were executed in PAUP* v. 4.0b10 [20] . For microbial analysis, total genomic DNA was extracted from filtered water samples (0.2 mm Durapore) as in Tavormina et al. [21] and used to construct 16S rRNA clone libraries for bacteria (35 insert containing clones for the major titanium sampler and 43 for Niskin water) using standard Domain-specific PCR primers (27F-1492R) [19] . OTUs from both libraries were grouped by RFLP with the restriction enzymes HaeIII and RsaI, and a neighbour-joining phylogeny was constructed in ARB [22] . Methanotroph diversity and abundance were determined using the monooxygenase interspacer analysis (MISA) method and quantitative PCR assays designed to target the cosmopolitan planktonic pmoA phylotypes, OPU1 and OPU3 [23] .
MATERIAL AND METHODS
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RESULTS AND DISCUSSION
(a) Physical and chemical attributes Scientists in the submersible Alvin during dives AD 4590 and AD 4591 observed diffuse fluid flow beneath seepaffiliated tubeworms located at 1790 m water depth. Close examination revealed shimmering, warm water emerging from a hole at the base of one massive tubeworm (siboglinid) bush and from rocks surrounded by bathymodiolin mussels and vesicomyid clams (electronic supplementary material, figure S1a and movie S1). Water temperature measured near the base of a large Lamellibrachia barhami bush ranged from 3.68C to 5.28C over two consecutive days; maximum temperatures were elevated nearly 38C above ambient values of 2.4 -2.68C (electronic supplementary material, table S2). A second site located approximately 118 m to the west at a similar depth exhibited slightly cooler flow through rock-covered sea floor (3.6 -3.98C; electronic supplementary material, table S2). Flow rates were not measured, but the fluid flow beneath the giant tubeworm bush was sufficient to cause fluttering of white bacterial floc attached to biotic substrates and the temperature differential was sufficient to cause obvious shimmering (electronic supplementary material, movies S1 -S2).
A sediment push core (AD 4590 PC-1) taken within several metres of the vent site revealed the presence of low salinity pore fluids in the near subsurface (12 -15 cmbsf; Cl 2 ¼ 294 mM; SO 4 ¼ ¼ 13.8 mM; electronic supplementary material, table S3) suggesting upward migration and mixing of fresh water are occurring at Jaco Scar. Nearby push cores show even more dramatic evidence for fresh water addition (figure 1b); the elevated fluid temperatures and mixing trends suggest that fresh water is being released from subducted sediments. There are a number of geochemical processes that may produce fresh water from subducted sediments along convergent margins. These include clay mineral dehydration reactions, particularly the smectite-to-illite transition that occurs at approximately 1.5 km depth [24] , differential-stress-induced smectite dehydration [25] , and the opal-A to opal-CT transformation [26] . Evidence for migration of low salinity water is found along the Peruvian margin [27] , along the décollement at the Costa Rica margin [28, 29] , and the Barbados margin [30] .
Methane measurements made by previous investigators in the region [31] and in this study (figure 1) indicate that Jaco Scar bottom waters are highly methane-enriched, a cold seep-like attribute. Methane concentrations were 4300 nM and 3700 nM in water collected immediately adjacent to the Lamellibrachia bush with visible fluid flow during Alvin dives 4590 and 4591 on consecutive days (electronic supplementary material, table S2), more than three orders of magnitude higher than background seawater distant from seafloor methane sources (approx. figure 1a ; electronic supplementary material, table S2) possibly owing to rising methane bubbles, whereas water collected at the summit of Jaco seamount (approx. 745 m) had methane concentrations less than 15 nM. Despite elevated HS 2 values in a low sulphate core (AD 4591 PC-10), which imply active near-seafloor anaerobic oxidation of methane, surprisingly little authigenic carbonate was present at Jaco Scar, consistent with high fluid flow rates and limited activity of anaerobic methane oxidizers.
The Jaco Scar site was first investigated by others with a CTD and TV (video) sled deployed from the surface [13, 31] . Geologists, geophysicists and microbiologists had visited this site, along with numerous other mounds and subducting seamounts, but hydrothermal fluid emission has not been reported previously. Fü ri et al. [32] previously sampled water at Jaco Scar locations near the vent site and recorded Ne ratios of 0.74-0.75 were elevated relative to ambient seawater. They suggested that He enrichment could reflect mantle derivation, while Ne depletion could possibly result from interaction of noble gasses with methane bubbles [32] . However, close-up visual observations made by scientists diving in Alvin were required to detect the shimmering water, the site of water emission, and to make the precise temperature measurements that documented potential hydrothermal activity and diffusive fluid flow at the site originally reported to be a methane seep [13] .
(b) The biological community The physical attributes of the Jaco Scar system reflect a composite of hydrothermal vent and methane seep characteristics, but it sits on a convergent margin characterized by subduction erosion, an environment that normally gives rise to methane seeps [13] . Based on setting, and the fact that the dominant megafaunal taxon, Lamellibrachia barhami also serves as a foundation species at many nearby Costa Rica margin seeps [13] , we suggest the Jaco system may be described as an intermediate between cold seep and hot vent, a 'hydrothermal seep', with characters from both. Based on the physical attributes, we hypothesized that resident species and their trophic characteristics should exhibit some vent and seep affinities, and these may provide clues about factors that shape the continuum of vent and seep assemblages.
Structurally dominant taxa at this site were the siboglinid polychaetes Lamellibrachia barhami and Escarpia spicata, species that occupy both seeps and vents [7] . Lamellibrachia barhami either formed large spherical bushes 1-2 m in diameter (electronic supplementary material, figure S1a) or coalesced into continuous meadows from 30 to 70 m 2 in area (electronic supplementary material, figure S1b). The largest Lamellibrachia bush (approx. 2.4 m diameter), with hydrothermal fluids venting from its base, was estimated to contain 14 770 individual tubeworms. Nicknamed The Volkswagen because of its size, the bush-supported bathymodiolin mussels living in and on the tubes (196 ind. m
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; figure 2a). Mussels and tubeworms bathed in shimmering fluids were heavily covered by lepetodrilid limpets (Lepetodrilus aff. elevatus and Lepetodrilus aff. shannonae), at densities of nearly 1280 ind m 22 (figure 2b; electronic supplementary material, table S4 and movies S1, S2). Lepetodrilids occur mainly at vents, although they have been reported from two additional seep sites [33] . Vesicomyid clams (Archivesica gigas) were also present, but were most dense in sediments surrounding the bush base (figure 2c). This species occurs at sedimented vents and seeps in Guaymas Basin [34] , and as a group, the vesicomyids often occur at sites that have attributes of both methane seeps and hot vents [10] . Zoarcid fishes (Pachycara sp.) hovered over and nestled within the worm tubes (figure 2d) at densities up to 28 ind. m
. Zoarcids are the dominant fishes at hydrothermal vents, but they also occur at seeps on the Florida Escarpment and in the Mediterranean [35] . DNA sequence data suggest that the Jaco Scar Pachycara species is most closely related to Pachycara thermophilum from Mid-Atlantic Ridge hydrothermal vents (electronic supplementary material, table S5).
A dense bed of Archivesica gigas (130 ind. m Several additional features of the assemblage are ventlike in nature. Space competition between bathymodiolin mussels and tubeworms within the same 'bush' is evident ( figure 2a) . DNA sequence data show that the mussels, most of which represented two undescribed species, are most closely related to Bathymodiolus thermophilus (C. Feehery & G.W.R., 2012, unpublished data). A single specimen of B. thermophilus, which is a hydrothermal vent species, was also recovered. The thiotrophic bacterial symbionts of the two new Bathymodiolus species are 99 per cent similar (based on 16S rRNA) to B. thermophilus from vents of the East Pacific Rise and to those in mussels from the seeps of the Gulf of Mexico ( [36] ; electronic supplementary material, table S5). The multiple morphologies of L. barhami at Jaco Scar (spherical bushes and continuous [40] , but are known from seeps at Blake Ridge in the Atlantic [41] , and as an early stage in organic fall succession [42] . Many of the gastropod genera present such as Lepetodrilus, Bathyacmaea, Fucaria and Neomphalidae new genus (electronic supplementary material, table S6) are most often found at vents [43] but others, including Margarites, Neolepetopsis and Provanna also occur at seeps [44] . Also we have found that two of the annelid species (Amphisamytha fauchaldi and Archinome new sp.) are otherwise known only from hydrothermal vent systems in Guaymas Basin [45] . Species diversity at seeps is typically higher than at vents, while habitat endemism is typically lower [44, 46] . We hypothesize that a hydrothermal seep should provide a broad range of physiologically and nutritionally prescribed ecological niches. The diversity of taxa that attain localized high densities at Jaco Scar (electronic supplementary material, table S4), and the speciose gastropod fauna documented to date (i.e. 15 of 23 gastropod species are new to science; electronic supplementary material, table S6), suggest the Jaco Scar hydrothermal seep exhibits diversities that surpass those of typical vent and seep sites.
Nutritional sources remain a key feature that set vent and seep communities apart from most of the deep sea [3, 5] . Both vent and seep assemblages are fuelled by chemoautolithotrophic bacteria and archaea. However, the carbon fixation pathways and sources can differ at vents and seeps, and often yield distinct isotopic signatures [47] . Carbon fixation fuelled by sulphide oxidation is the most widespread metabolic pathway in both ecosystems, and usually generates intermediate d
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C signatures from 222 to 235 ‰. Indeed, 16S rRNA microbial community analysis of the shimmering fluids and white flocculent material within The Volkswagen bush recovered a significant proportion of bacterial phylotypes (25%) affiliated with sulphide-oxidizing gamma, alpha and epsilonproteobacteria (figure 3). These included members of the genera Thiomicrospira, Sulphitobacter, Sulphurimonas and Arcobacter, previously reported from hydrothermal vent plumes, seep sediments and euxinic basins (electronic supplementary material, figure S2 ) [48, 49] . The loose white floc associated with The Volkswagen bush is reminiscent of the biogenic sulphur-rich precipitate pervasive at 'snow blower' diffuse flow vents, believed to be produced by sulphide-oxidizing epsilonproteobacteria that are phylogenetically affiliated with the sulphur-respiring organisms recovered from Jaco Scar [50] . Sulphur-oxidizing phylotypes were not recovered from the water column immediately above the tubeworm bush (approx. 10 cm distance), suggesting that these putative chemolithoautotrophs may be directly associated with the flocculent material sampled within the tubeworm bush. Additionally, metabolic genes indicative of aerobic methanotrophs (particulate methane monooxygenase, pMMO; [51] ) were also detected in the shimmering fluids surrounding the tubeworm bush. Despite the high CH 4 concentrations within the shimmering fluids, the pMMO abundance and diversity were not found to be significantly different from seawater samples collected by CTD within approximately 8 m of the bush. In contrast to the apparent localized distribution of sulphide-oxidizing micro-organisms, aerobic methanotrophs may be more widely distributed throughout the bathypelagic zone surrounding Jaco Scar.
The incorporation of methane-derived carbon is prevalent among more taxa at seeps than vents, although bathymodiolin mussels are an important exception. Syntrophic clusters of archaea and bacteria carry out anaerobic oxidation of methane at seeps, yielding isotopically light microbial biomass that can be consumed by seep heterotrophs [52] . Heavy Bassham (CBB) cycle and/or from consumption of bacteria carrying out the rTCA cycle [53] . An isotopic survey of species at Jaco Scar (figure 4a) reveals that, despite the occurrence of planktonic epsilonproteobacteria at this site, the fauna lack the heavy d 13 C signatures characteristic of other hydrothermal vents in the East Pacific [58] . The symbiont-bearing mussels, clams, frenulates and vestimentiferans at Jaco Scar have isotopic signatures consistent with reliance on sulphide oxidation coupled with CBB (average d [59] . Similar trophic pathways have been reported from seeps in the Gulf of Mexico [60] and Anya's Garden, a sedimented vent on the Mid-Atlantic Ridge [61] .
While vents and seep organisms share carbon fixation pathways, vent and seep invertebrate assemblages exhibit distinct average He ratios associated with a deep aquifer and several fault zones [12, 65] . However, the fauna does not appear vent-like; the sole presence of bacterial mats, vesicomyid clams and associated heterotrophic fauna may reflect low oxygen concentrations in overlying waters. At these depths in Monterey Bay, dissolved oxygen concentrations are approximately 0.3 ml l
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, whereas the Jaco Scar site has bottom water oxygen concentrations six times greater (1.6-1.9 ml l
). Tubeworms, mussels and other taxa found at Jaco Scar may require a well-oxygenated water column. Much smaller temperature anomalies (þ0.44 o C over 40 cm depth in the sediment) have been reported from another erosive margin off Peru [39] , where clams, galatheid crabs and serpulid aggregations are similar to those described for Jaco Scar. Additional regions where we might expect to find intermediate ecosystems include recently discovered sites of off-axis magmatic intrusions in the Guaymas Basin, where biological communities are potentially supported by methane released from magmadriven thermogenic alterations of sediments [66] , the Chile Triple Junction, where subduction of a spreading centre occurs beneath a margin rife with methane seeps A hydrothermal seep at Jaco Scar L. A. Levin et al. 2585 [67], a subduction seep off Hatsushima Island, Sagami Bay exhibiting elevated temperatures [4] , other fore-arc seamounts where extensional spreading induces hydrothermal circulation, and thermogenic methane is released [68] , and possibly at serpentinite-hosted hydrothermal systems such as Lost City and Ghost City on the Mid-Atlantic Ridge [69] .
CONCLUSIONS
The Jaco Scar site is a geologically and geochemically heterogeneous landscape that supports animals that have either seep or vent affinities, or foundation species that occur in both settings. Composite, reducing habitats on subducting seamounts, such as the one reported here, provide a setting in which these groups can evolve together. The Jaco Scar observations further support environmental influence on availability of energy and carbon sources as a key determinant of assemblage composition in chemosynthetic ecosystems. These findings enrich our understanding of the spectrum of chemosynthetic ecosystems that exist along a reducing continuum of vents, seeps and organic falls. Given our limited knowledge of the deep sea floor, it is likely that additional intermediate or mosaic ecosystems, with different combinations of reducing system attributes, and possibly even hydrothermal seep habitat endemics, remain undiscovered.
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